The electrochemical processes in solutions with a much lower amount of free cyanide (<10 g/L KCN) than the conventional alkaline silver electrolytes were first explored by using cyclic voltammetry. The electrochemical behavior and the effect of KAg(CN) 2 , KCN, and KNO 3 electrolytes and solution pH on the electrodeposition and dissolution processes were investigated. Moreover, suitable working conditions for high speed, low cyanide silver electrodeposition were also proposed. Both silver and cyanide ions concentration had significant effects on the electrode polarization and deposition rate. The onset potential of silver electrodeposition could be shifted to more positive values by using solutions containing higher silver and lower KCN concentration. Higher silver concentration also led to higher deposition rate. Besides maintaining high conductivity of the solution, KNO 3 might help reduce the operating current density required for silver electrodeposition at high silver concentration albeit at the expense of slowing down the electrodeposition rate. The silver dissolution consists of a limiting step and the reaction rate depends on the amount of free cyanide ions. The surface and material characteristics of Ag films deposited by low cyanide solution are also compared with those deposited by conventional high cyanide solution.
Introduction
Silver coatings electrodeposited using cyanide-based solutions have existed for more than one century. Cyanide has played an important role in the silver electrodeposition processes. However, due to stricter rules and regulations, as well as high cost of wastewater treatment, less toxic chemicals have become more favorable in most metal plating processes. Over the years, compounds such as ammonia [1, 2] , uracil [3] , HEDTA [4] , 2-hydroxypyridine [5, 6] , hydantoin [7] , and 5,5-dimethylhydantoin [8, 9] have been suggested as alternatives to replace cyanides in silver plating baths. In spite of the benefits for using low toxicity cyanide-free silver plating baths, most of these electrolytes have limited practical applications in commercial manufacturing process for reasons such as relatively higher cost, low bath stability, high sensitivity to temperature and metallic contamination, low deposit quality and brightness, and poor adhesion on substrates [3, [10] [11] [12] [13] .
Hence, the conventional alkaline electrolyte, that is, silver cyanide complex [KAg(CN) 2 ] with excess free cyanide (i.e., NaCN or KCN salt in excess of that required to form silver cyanide complexes), remains one of the most commonly used systems in the electroplating industries to date. Besides being a conducting salt, cyanide is also an excellent complexing agent which complexes not only Ag ions but also other metallic impurities (especially copper and nickel ions) that are inevitably present in the plating solutions due to the displacement reaction between the substrate and solution ions. Impurities build up over time as Cu or Ni dissolves into the plating solution while Ag precipitates out of the solution. The free cyanide in the solutions will complex with these metallic impurities, thereby ensuring high bath stability and longer bath life. In this way, consistent high quality of Ag deposit can be obtained.
Furthermore, with the aid of suitable additives such as brighteners and levelers, cyanide-based silver solutions 2 International Journal of Electrochemistry also improve the roughness and inhomogeneity of coatings because of their good throwing power, thus producing consistently high quality of white or bright deposits [14, 15] . Solutions with high throwing power are favorable in the plating process because they ensure uniform deposit on plated parts, especially on those with complex geometries as well as uneven current distribution.
On the other hand, cyanide-free silver plating solutions often make use of the weak chelating agent which only forms weak complexes with the metallic impurities. As a result, poor silver deposits are always formed in aging cyanide-free silver plating solutions as these metallic impurities are codeposited with silver. The weak silver complex formed in cyanide-free silver plating solutions also increased the activity of free Ag ions which facilitates the displacement reactions between substrate and silver ions, releasing more metallic impurities into the plating solutions.
As a consequence, manufacturers still tend to stay with cyanide-based solutions due to their high bath stability, ease of operation, and consistently high quality of silver coatings. Implementing cyanide-free plating solutions in manufacturing industries remains a great challenge [9] .
Electrodeposited silver has been playing important roles in decorative applications and electronics industries for decades. In response to the high demands in advanced electronics products, good quality silver plating at high speed has become a critical step in the manufacturing process. Moreover, new applications in electronics and semiconductor industries have also encouraged the development of new silver chemistries for high speed selective plating, such as mirror bright silver spot plating on leadframes.
Similar to conventional alkaline silver electrolytes, high speed silver plating solutions usually have high potassium cyanide content (45-100 g/L) and are not suitable for selective or spot plating [16] . In high speed silver spot plating on leadframes, the leadframes are plated with silver to give a bondable area on the lead finger to allow a second bond to form subsequently. This area must be slightly larger than the size of the second bond. Insoluble anodes such as platinised titanium mesh or platinum wire are commonly used as only the tip of the lead finger is plated for bonding [17] . Oxidation and polymerization of cyanide [18] at these insoluble anodes have caused rapid degradation of the high cyanide silver plating solutions.
Hence, it would be desirable if the negative effect of cyanide is minimized while at the same time the high quality of silver coatings could be maintained consistently. Besides that, because of the low cyanide content, the accumulation of carbonates could be slowed down. As a consequence, the low cyanide silver bath life could also be extended.
In this work, the silver electrochemical processes in solutions consisting of a much lower amount of free cyanide (<10 g/L KCN) than the conventional alkaline silver electrolytes were first explored by using cyclic voltammetric technique. The electrochemical behaviors and effects of the basic electrolytes (silver salt, potassium cyanide, and conducting salt) and solution pH on the electrodeposition and dissolution processes were also investigated. In addition, the optimum working conditions for high speed silver electrodeposition in low cyanide system were also proposed.
In order to ensure the feasibility of replacing high cyanide with low cyanide system in practical applications, the characteristics such as morphologies, purity, brightness, conductivity, and hardness of Ag films electrodeposited by low cyanide system will also be compared with those electrodeposited by conventional high cyanide silver solution.
Materials and Methods

Chemicals and Plating
Conditions. Chemicals used were potassium silver (I) cyanide (KAg(CN) 2 ), potassium nitrate (KNO 3 ), potassium cyanide (KCN), nitric acid (HNO 3 ), and potassium hydroxide (KOH). All solutions were prepared with deionized water. The pH of the solution was adjusted by using either 1% HNO 3 or 1% KOH solutions.
Brass hull cell panel was used as a substrate for silver electrodeposition. All the pretreatment Ni and Ag electrodeposition chemicals used are proprietary products provided by MacDermid Enthone. Before deposition, the brass was cleaned in the Enprep 110 EC, Enprep 220 EC, and Actane 345. After that, the brass was electrodeposited with a layer of nickel (2-3 m) by using Heliofab Ni-370. Next, a thin layer of Ag was electrodeposited on the Ni/brass panel by using two types of silver solutions, that is, low cyanide silver solution and conventional high cyanide silver solution. The low cyanide silver solution was made up of 120 g/L KAg(CN) 2 , 6 g/L KCN, 120 g/L KNO 3 , 5 mL/L XRD Ag-7000 B1, and 16 mL/L XRD Ag-7000 B2, while the high cyanide silver solution consisted of 100 g/L KAg(CN) 2 , 150 g/L KCN, 6 g/L KOH, 20 g/L K 2 CO 3 , 5 mL/L Heliofab Ag-900 C and T, and 3 mL/L Heliofab Ag-900 H. The electrodeposition conditions followed the optimum parameters as recommended in the XRD Ag-7000 and Heliofab Ag-900 technical datasheets. The pH values of the freshly prepared silver solutions were adjusted to about 10-12 for both low and conventional high cyanide solutions.
The current densities used for the electrodeposition are 0.6 A/cm 2 for low cyanide system and 0.03 A/cm 2 for conventional high cyanide system. The deposition time of the two systems was adjusted so that the Ag films had a similar thickness at 2.0-2.5 m.
Cyclic Voltammetric Analysis.
The electrochemical studies of silver electrodeposition and dissolution were performed in a conventional three-electrode cell using computerized potentiostat (797 VA Computrace, Metrohm) at room temperature. Polished platinum rotating disk (Metrohm, = 0.0314 cm 2 ) was used as the working electrode. During the experiments, Ag/AgCl (3 M KCl) reference electrode was mounted in an electrolyte vessel filled with 1 M KNO 3 solution and used as a double junction reference electrode. All the potential measured in the voltammetric study referred to this reference electrode. A platinum rod which represented the insoluble anode in industrial practice was employed as the counter electrode. All the silver electrodeposition and dissolution processes were studied at angular speed ( ) of 1200 rpm. The cyclic voltammetry scan rate was 50 mVs −1 .
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Before each measurement, the electrode was cleaned in deionized water, followed by 50% HNO 3 solution and 10% KOH solution, and rinsed with deionized water. After that, the electrode was sonicated in deionized water for 5 min before use.
Ag Films Characterization.
The surface morphology of the Ag films was observed under scanning electron microscope (SEM, JSM-6360A, JEOL) while their surface roughness was measured using atomic force microscope (AFM, DI-3100, Digital Instruments). Furthermore, X-ray diffraction (XRD) analysis was also performed for characterizing the crystal orientation of the surfaces of electrodeposited Ag films. Thin Film XRD (XRD-6000, Shimadzu) with Cu K radiation (40 kV, 30 mA) was used. The samples were scanned continuously at 2 ∘ 2 min −1 . The compositional profile of the silver films was investigated by X-ray photoelectron spectroscopy (Thermo Scientific, ESCALAB 250Xi). The samples were scanned by Al K (1486.6 eV) radiation.
The brightness or reflectance of the Ag films was determined by using a spectroscopic reflectometer (RadiTech) at a light incidence angle of 0 ∘ . Silicon-based wafer was used as the reference and the intensity change of light reflected from the surface of Ag samples was measured as a function of wavelength ( = 450 nm) at normal incidence. Reflectance readings were taken at = 450 nm (blue light) because this wavelength is more critical in the LED application. A fourpoint probe (CMT-SR2000N, AIT) was used to measure the resistivity of the Ag samples. The hardness of the Ag layer was measured by Micro Hardness Tester (Shimadzu HMV-2) with a 50 g load.
Results and Discussion
Cyclic Voltammetry of Ag/Ag
+ at Rotating Disk Platinum Electrode. The voltammetric studies of KAg(CN) 2 , KNO 3 , and KCN electrolytes and solutions pH were performed over the platinum rotating disk electrode in order to analyze the different redox processes and to determine the suitable working potential range for silver electrodeposition. Rotating disk electrode was used in the experiments because it gave agitation to the solution which could reduce the thickness and prevent the impoverishment of diffusion layer lying between the bulk solution and the working electrode surface, thereby ensuring uniform deposition.
Figure 1(a) shows the redox reactions of 120 g/L KAg(CN) 2 in the absence or presence of KNO 3 and KCN. During the 1st scan cycle of 120 g/L KAg(CN) 2 , it is observed that a drastic increase in the cathodic current appears at ∼−0.41 V (Figure 1 (a), peak C1) and an anodic reaction occurs at ∼−2 mV (Figure 1(a) , peak A1), corresponding to the silver electrodeposition and silver film dissolution, respectively. An additional cathodic peak C2 became pronounced around −50 mV during the 2nd scan cycle (Figure 1(b) ). This may be due to the incomplete silver dissolution during the first anodic scan, giving rise to the presence of oxidized and nondissolved silver film on the platinum surface from the beginning of the next scan [19] .
In contrast to the onset potential of silver electrodeposition at the 1st scan cycle, the reduction of silver ions starts at a more positive potential from the 2nd scan cycle onwards, which is at ∼−280 mV. As platinum working electrode (which is different from the deposited metal) is employed, the initiation of nucleation normally consumes more energy to produce the first nucleus [20] . Besides that, the presence of nondissolved silver film on the electrode may also facilitate the nucleation and growth processes during the 2nd scan cycle.
The addition of supporting electrolyte KNO 3 to 120 g/L KAg(CN) 2 solution has significantly lowered the cathodic current density of silver reduction as a steady-state limiting current is achieved when compared to that that occurs in the KAg(CN) 2 solution without supporting electrolyte. This is because the migration effect of silver ions is minimized in the presence of supporting electrolyte.
It is clear that, in the presence of KCN, the onset potential of silver electrodeposition is shifted to more negative values (Figure 1(a) , peak C3) while the silver dissolution wave (peak A2) becomes broader and the anodic current density reaches a plateau before it drops abruptly. When the vertex potential of cathodic scan is raised to more negative values, the amount of silver deposited is enhanced as depicted by the increase in the dissolution wave areas in Figure 1(c) . The cyclic voltammogram also shows a characteristic hysteresis which appears after potential sweep reversal. This is the characteristic of metal nucleation or growth on working electrode [21] . In addition, steady-state limiting current of silver electrodeposition is achieved around −0.83 V and the proton reduction or hydrogen evolution is noticed to occur beyond ∼−0.86 V. Any deposition carried out beyond these negative potentials might produce silver film with pitting and adhesion defects [13, 22] . As a result, the silver electrodeposition process will only be examined below −0.8 V in this study.
Assuming that only Ag(CN) 2 − complexes exist in the solutions and all silver atoms come from this complex, the charge transfer of silver electrodeposition in Figure 1(a) , peaks C1 and C3, can be described by (1) . The difference in the free cyanide concentration in the solution has induced the change in the onset potential of electrodeposition. On the contrary, the dissolution of Ag (peak A2) can also be represented by the reverse reaction of Ag(CN) 2
However, several chemical steps such as the dissociation of cyanide ions, reduction of silver ions, and removal of cyanide ions from the electrode/electrolyte interface may take place simultaneously as well. Another situation that involves the partial or complete dissociation of Ag(CN) 2 − anion is shown in (2)-(5) [23] . The cathodic peak C2 shown in Figure 1 In fact, the silver electrodeposition process in cyanide system involves more complicated mechanisms because of the formation of more than one silver complex, that is, AgCN, Ag(CN) 2 − , Ag(CN) 3 2− , and Ag(CN) 4 3− , in which equilibrium concentration and the predominant species that take part in the charge transfer process rely on the cyanide concentration in the solutions [24] . When the free cyanide is insufficient, the dissolution of Ag (Figure 1(b) , peak A1) may proceed in the reverse direction of (5). 2 Concentration on the Electrodeposition of Silver. Figure 2(a) shows the effect of KAg(CN) 2 concentration on the silver electrodeposition as well as silver dissolution. When the amount of KAg(CN) 2 is increased from 60 to 200 g/L in the solutions containing 6 g/L KCN, the onset potentials of silver electrodeposition are shifted towards more positive values (Figure 2(b) ). In other words, as the source of silver increases, the cathodic polarization is lowered. When the amount of KCN remains constant, increasing KAg(CN) 2 concentration will increase the number of silver cyanide complex ions as well as the silver cations in the solution, thus lowering the cyanide coordination number of silver complex, enabling the deposition to proceed more easily.
The Effect of KAg(CN)
Moreover, higher KAg(CN) 2 concentration enables higher current densities as well as larger amount of silver deposited, resulting in higher electrodeposition rate (Figure 2(c) ). This also implies that a large amount of silver salt is critical for high speed silver plating. Deposition rate is determined by
where (C) is the charge involved in the silver dissolution;
Ag (= 107.8682 g/mol) is the molar mass of silver; (= 96485.3365 C/mol) is the Faraday Constant; Ag (= 10.49 g/ cm 3 ) is the density of silver; (= 0.0314 cm 2 ) is the Pt electrode area; (min) is the deposition time during the cathodic sweep.
It is observed that one main silver dissolution wave and one shoulder peak appear during the anodic scan (Figure 2(a) ). At low cyanide (6 g/L KCN) and high KAg(CN) 2 (>120 g/L) concentration, the dissolution waves of silver cover a broad potential range and achieve a steady-state limiting current. This may be due to the rate limiting steps which are involved in the cyanidation of dissolved silver.
On the other hand, the splitting of the dissolution wave can be due to the formation of different silver complex in the solutions. Increase in the KAg(CN) 2 concentration has also raised the anodic peak current at ∼−31 mV (Figure 2(a) , inset). This shoulder peak is attributed to the formation of AgCN as the concentration of free cyanide available in the solution is insufficient to form soluble silver complex. This is even more noticeable when the amount of deposited Ag increased with increasing KAg(CN) 2 concentration while the free cyanide concentration remains constant. International Journal of Electrochemistry Figure 1 that, in the presence of KCN, both silver electrodeposition and silver film dissolution reactions are clearly shifted towards more negative potentials. Depending on the cyanide concentration in the solution, the coordination number of silver cyanide complexes and the predominant complex ions will change accordingly following (7)-(10) [25] . The species that are involved in the charge transfer process rely not only on the cyanide concentration, but also on the operating conditions. Previous studies [26, 27] had reported that it was the AgCN that is involved in the charge transfer when free cyanide [CN − ] was in the concentration range of less than 0.1 M (2.6 g/L), whereas Ag(CN) 2 − complex took part in the charge transfer step
The Effect of KCN Concentration on the Electrodeposition of Silver. It has been shown in
, Ag(CN) 3 2− complex was suggested to be the species that is involved in the charge transfer process. On the other hand, the impedance study by Baltrunas [28] had shown that Ag(CN) 2 − complex is always involved in the direct charge transfer step regardless of the cyanide concentration and the composition of the solutions. Hence,
Ag
Generally, due to the strong complex-forming effect between the cyanide ions and silver ions, the cyanide ions will shift the equilibrium potential to more negative values and increase the activation polarization by reducing the activity as well as the concentration of the free Ag + ions [14] . As a result, in contrast to the effect of increasing the KAg(CN) 2 concentration, the higher the KCN concentration, the more negative the potential required to deposit silver coating on platinum electrode (Figure 3) . The difference in the onset potential of silver electrodeposition between the solutions containing 6 g/L KCN and 0 g/L KCN was about −0.38 V. Unlike cyanide-free silver electrolytes, cyanide-based silver electrolytes with the addition of suitable brighteners always produce white and bright silver deposits. This is because the increase in the cathodic polarization helped promote the growth of fine-grained deposits [14] .
High level of free cyanide is necessary in order to maintain consistent and high quality of silver coatings in industrial practice. However, in the case of high speed selective plating where insoluble anodes are commonly employed, the silver plating solution should contain only as much free cyanide as necessary so that the formation of insoluble AgCN [29] at the anodes, which will impede the current flow, can be avoided.
According to Figure 3 , less than about 45 g/L KCN in a solution consisting of 120 g/L KAg(CN) 2 and 120 g/L KNO 3 will ensure that the potential required to initiate the silver electrodeposition will not occur in parallel with the hydrogen evolution reaction. Since it is critical that only very low and necessary amount of KCN should be used in developing the new silver plating chemistry, 4-8 g/L KCN in the low cyanide region (<10 g/L) is found to be suitable under the existing given KAg(CN) 2 and KNO 3 concentrations because a slight drop or increase in the KCN concentration will not significantly affect the polarization of the working electrode and thereby the plating solutions will be easier to control during operation. 3 Concentration on the Electrodeposition of Silver. As mentioned previously, addition of supporting electrolyte KNO 3 to the solution containing 120 g/L KAg(CN) 2 has lowered the cathodic current density significantly. The same behavior is also observed in the solution consisting of 120 g/L KAg(CN) 2 and 6 g/L KCN in Figure 4 (a). The higher the KNO 3 concentration, the lower the cathodic current density and as a consequence lesser silver is deposited on Pt electrode. The decrease in the dissolution peak areas with increasing KNO 3 concentration has also suggested that KNO 3 can be used to adjust the rate of electrodeposition process at constant applied potential, as shown in Figure 4 (b). The cathodic current density in the absence or at a low concentration of KNO 3 is obviously larger than that at higher concentration because the migration of the Ag + towards the working electrode during the cathodic scan has enhanced the faradaic current. At high concentration of KNO 3 , K + migration replaces that of Ag + and thus the observed faradaic current is mainly contributed by the diffusion current [30] . In this way, KNO 3 can improve the conductivity of the solution and it can also be used to control the deposition rate if required during application.
The Effect of KNO
On the other hand, unlike KAg(CN) 2 and KCN, KNO 3 does not alter the onset potential of electrodeposition process significantly. Moreover, in contrast with the influence of KNO 3 on the current density of silver electrodeposition, increasing KAg(CN) 2 concentration has the opposite effect in which the current density increases with increasing silver ion concentration at constant potential. In other words, adding more KNO 3 salt may help to reduce the operating current density required for silver electrodeposition at high silver concentration. Normally, the high current density approaching the diffusion limiting current is not recommended in industrial practice because of the inverse effects due to the depletion of silver ions in the double layer and the high possibility of causing hydrogen evolution, leading to rough and poor deposit [31] .
The Effect of Bath pH on the Electrodeposition of Silver.
Silver cyanide complexes are known to be unstable at very low pH because of the formation of insoluble AgCN. This has imposed that the silver cyanide solution must be maintained in alkaline condition. Figures 5(a) and 5(b) show that increasing pH of the silver electrodeposition solution from 8.1 to 10 has shifted the onset of electrodeposition potential of silver to more negative direction and then the pH remains constant 8
International Journal of Electrochemistry in the range of 10-12. pH less than 9.0 has a greater impact on the onset of silver electrodeposition potential. The silver dissolution starts at around −0.65 V; there is one main dissolution peak, followed by a shoulder peak. At pH > 9, silver dissolution is dominated by the main peak around −0.35 V while the shoulder peak is much smaller. On the other hand, the shoulder peaks around 1.0 mV are considerably large when the solution pH is lower than 9.0. These peaks are positioned at the same potential with the oxidation peak of KAg(CN) 2 solution as depicted in Figure 1(b) . This suggested that, at pH < 9, the presence of
− is very pronounced at the platinum electrode. Incomplete dissolution of silver at pH 8.1 was observed when the anodic scan was swept until +0.6 V. The unusually long dissolution process in solution at pH 8.1 suggests that the deposited silver is coarse and not homogeneous enough to fully cover the platinum electrode surface as the oxidation peak of [Ag(CN) 2 ]
− ion is also observed. As a consequence, the optimum pH for the silver electrodeposition solution should be kept at >9.5 or favorably 10-12 as, under this condition, the onset potential of silver electrodeposition remains quite constant and hence easier to control during the deposition process.
Effect of KCN on the Anodic Dissolution of Deposited Silver.
The rate of anodic dissolution of metals strongly relies on the solution composition, particularly the type of anion and concentration [32] . For silver, its dissolution process involves free cyanide ions and depends on the cyanide concentration in the solution. The role of free cyanide in the dissolution of deposited silver can be described by (11) even though the dissolution process also involves the diffusion of free cyanide ions towards the silver surface, adsorption of cyanide ions, and formation of chemical bond with silver atom, as well as charge transfer [33, 34] .
The dissolution of deposited silver in cyanide containing solutions is represented as follows:
When increasing the cathodic vertex potential to more negative values, the silver dissolution waves in the solution containing 6 g/L KCN seem to have reached the steadystate limiting current and cover a broad range of potentials (Figure 1(c) ), whereas, in the solution containing 40 g/L KCN, the silver dissolution peaks are sharper and the peak currents have also increased accordingly ( Figure 6 ). This has indicated that the silver dissolution process consists of a limiting step and the reaction rate depends on the amount of free cyanide ions. It was reported that the dissolution of silver was limited by a stage of cyanide ions diffusion towards the electrode surface [16, 35] . As a larger amount of free cyanide is available in high KCN containing solutions, the dissolution of deposited Ag is facilitated by the diffusion of free cyanide ions. Figure 2 (a) has also shown that, regardless of the amount of silver ions in the 6 g/L KCN solutions, the dissolution behavior is similar to those observed in low free cyanide containing solutions. The dissolution waves cover a very broad range of potentials which increases with increasing KAg(CN) 2 concentration. The anodic current densities of silver remain at plateau before they drop rapidly. This also implies that increasing the KAg(CN) 2 concentration does not help to increase the amount of free cyanide ions.
Characterization of the Plated Ag Films.
The surface morphologies of Ag films electrodeposited by conventional high cyanide and the low cyanide silver solutions are shown in Figures 7(a)-7(b) . It can be seen that there is no significant difference in the surface morphologies of the two Ag films. The surfaces of both Ag films appear to be quite smooth. Moreover, the AFM analysis has confirmed that the surface roughness ( a ) of both Ag films is comparable. a of Ag films electrodeposited by high cyanide and low cyanide systems are 8.8 nm and 9.8 nm, respectively (Figures 7(c)-7(d) ). The XRD patterns in Figure 8 have also clearly shown that both Ag films are polycrystalline and exhibit (111), (200), (220), and (311) peaks. These four peaks are consistent with the published XRD diffraction result of Ag with purity >99.999% (JCPDS, file number 04-0783) [36] . In addition, the crystallites of Ag film electrodeposited using low cyanide silver solution have the same preferred orientation in (111) plane as the film electrodeposited by using conventional high cyanide system.
The XPS depth profiles of the Ag films prepared from low cyanide and high cyanide solutions are also compared in Under optimum conditions, the average reflectance ( ) of Ag films electrodeposited by both low cyanide and conventional high cyanide systems at = 450 nm is determined to be around 90-95%. This shows that the brightness of the Ag films electrodeposited by low cyanide is comparable with the brightness of those electrodeposited by conventional high cyanide silver solution.
Besides that, both types of Ag films have comparable hardness in the range of about 100-120 Hv 0.05 . On the other hand, the resistivity of Ag films electrodeposited by low cyanide and high cyanide solutions is found to be around 0.497 ± 0.02 Ω⋅cm and 0.503 ± 0.01 Ω⋅cm, respectively.
Conclusion
The study shows the electrochemical behaviors of KAg(CN) 2 , KCN, and KNO 3 electrolytes and solutions pH on the silver electrodeposition and dissolution. Higher silver ion concentration shifts the onset potential of silver electrodeposition to more positive direction by lowering the electrode polarization while KCN has the opposite effect in changing the cathodic polarization. The onset potential of silver electrodeposition is shifted to more negative values with increasing KCN concentration. High plating speed or deposition rate can be attained in solutions containing high silver concentration. Besides having little impact on the onset potential of silver electrodeposition, KNO 3 lowers the limiting current density as well as the electrodeposition rate. This implies that KNO 3 may help reduce the operating current density required for silver electrodeposition in high silver concentration solutions, albeit at the expense of slowing down the electrodeposition rate. The silver plating solutions should be maintained at pH range 10-12 as the onset potential of silver electrodeposition remains quite constant and hence easier to control during the operating process. The silver dissolution process consists of a limiting step and the reaction rate depended on the amount of free cyanide ions. The surface characteristics such as morphologies, purity, brightness, and conductivity, as well as hardness of Ag films electrodeposited by low cyanide system, are comparable with those electrodeposited by conventional high cyanide system. The XRD analysis and XPS depth profile have also shown very high purity of both types of Ag films.
